Epidemiological analyses of air quality often estimate human exposure from ambient monitoring data, potentially leading to exposure misclassification and subsequent bias in estimated health risks. To investigate this, we conducted a case-crossover study of summertime ambient ozone and fine particulate matter (PM 2.5 ) levels and daily respiratory hospitalizations in New York City during [2001][2002][2003][2004][2005]. Comparisons were made between associations estimated using two pollutant exposure metrics: observed concentrations and predicted exposures from the EPA's Stochastic Human Exposure and Dose Simulation (SHEDS) model. Small, positive associations between interquartile range mean ozone concentrations and hospitalizations were observed and were strongest for 0-day lags (hazard ratio (HR) ¼ 1.013, 95% confidence interval (CI): 0.998, 1.029) and 3-day lags (HR ¼ 1.006, 95% CI: 0.991, 1.021); applying mean predicted ozone exposures yielded similar results. PM 2.5 was also associated with admissions, strongest at 2-and 4-day lags, with few differences between exposure metrics. Subgroup analyses support recognized sociodemographic differences in concentration-related hospitalization risk, whereas few inter-stratum variations were observed in relation to SHEDS exposures. Predicted exposures for these spatially homogenous pollutants were similar across sociodemographic strata, therefore SHEDS predictions coupled with the case-crossover design may have masked observable heterogeneity in risks. However, significant effect modification was found for subjects in the top exposure-to-concentration ratio tertiles, suggesting risks may increase as a consequence of infiltration or greater exposure to outdoor air.
INTRODUCTION
Linkage of air pollutants to human health end points is a common practice, aiding in both environmental and public health policy decisions. Epidemiological analyses of health effects resulting from exposure to outdoor air pollutants can be performed by using ambient monitoring data from stationary air quality monitors as a human exposure surrogate. Increased risk of respiratory morbidities has been observed across diverse populations in relation to both particulate matter r2.5 mm in aerodynamic diameter (PM 2.5 ) and ozone in many studies that used such ambient concentration data from central monitors. [1] [2] [3] [4] [5] [6] The use of ambient concentration data as an exposure surrogate in an epidemiological analysis of air pollution health effects could lead to exposure measurement errors and subsequent flaws in epidemiological inference. 7 Alternatively, personal or population exposures to pollutants of outdoor origin can be modeled by accounting for both indoor and outdoor exposures, while incorporating individual-level exposure modifying characteristics, such as residential infiltration, time activity patterns, commuting and other microenvironmental factors. One such human exposure model is the Stochastic Human Exposure and Dose Simulation (SHEDS) model for air pollutants (formerly SHEDS for air toxics and PM), which simulates the movement of individuals through time and space, and considers representative activity patterns and demographics in its estimation of hourly pollutant exposures. [8] [9] [10] A previous comparison of SHEDSestimated exposures to ambient concentrations in Philadelphia showed significant variability in SHEDS-estimated total PM 2.5 exposures across a modeled population, whereas ambient PM 2.5 concentrations were less heterogeneous. 8 This study also observed that ambient concentrations constituted a substantial portion of total PM 2.5 exposure. Although ambient concentrations may be good indicators of exposures in general, exposures among populations living in urban areas may differ because of housing characteristics influencing pollution infiltration indoors, mobility patterns, demographics, employment and other lifestyledependent factors. 9, 10 The objectives of this study were to evaluate the association between summertime exposures to air pollutants ozone and PM 2.5 and respiratory hospitalizations in New York City (NYC), and to compare results using ambient concentrations with those using SHEDS-predicted exposures. Specifically, we aimed to: (1) evaluate if the patterns or magnitudes of association differ between exposures; and to (2) explore variation in results across sociodemographic and diagnostic strata and for different exposure metrics (e.g., mean, max and 95th percentiles of population distribution).
MATERIALS AND METHODS

Study design and population
This case-crossover study was conducted using hospital admissions for respiratory diagnoses among NYC residents during the summer months (1 June-31 August) [2001] [2002] [2003] [2004] [2005] . The NYC region was geographically defined by the 2106 US census tracts within four NYC counties (New York, Kings, Bronx and Queens; Appendix 1). Hospital discharge data were obtained from the New York State Department of Health Statewide Planning and Research Cooperative System, which has 495% coverage statewide. Respiratory admissions data were extracted based on International Classification of Disease, Version 9 (ICD-9) codes to include principal diagnoses of: asthma (ICD-code 493), chronic bronchitis (491), chronic airway obstruction (496) and emphysema (492). Admissions for acute bronchitis and bronchiolitis (ICD-9 code 466) and unspecified bronchitis (490) were also included for children under 4 years, as they are difficult to distinguish from asthma within this age group. Analyses of hospitalizations included all respiratory diagnoses; because 450% were asthma admissions, stratified analyses examined this group separately from the combined remaining diagnoses. Patient information included a unique personal identifier, date of birth, gender, race, ethnicity, residential address and admission date. Patient residential addresses were geocoded to the census tract using an automated process in MapMarker Plus (v. 10).
The hazard period for the case-crossover design was defined as the day of admission and up to 4 days prior. A bidirectional, time-stratified sampling method was used to select control days from the same day of the week as the case day in 7-day intervals within the same month. This approach automatically adjusted for daily, weekly and monthly trends, and ensured at least three control dates per case.
Air quality data and exposure predictions Air quality data from available monitors located in the study domain (see Supplementary Data) were downloaded from EPA's Air Quality System (AQS). 11 Hourly ozone (p.p.b.) measurements (5 monitoring sites), hourly PM 2.5 (mg/m 3 ) measurements (14 sites) and 24-h averaged PM 2.5 (mg/m 3 ) measurements (14 sites) were downloaded from AQS for the time period corresponding to the hospital admissions. Daily maximum 8-h average ozone concentrations were calculated by applying an 8-h moving window to the hourly time series and selecting the window with the highest ozone concentration value. Both these daily 8-h averaged ozone and 24-h averaged PM 2.5 measurements were then interpolated to 1-km grid center points using a universal kriging method 12 to produce the ambient concentrations used for analysis (see Supplementary Data).
Ozone-and PM 2.5 -predicted exposures were generated for analysis using EPA's SHEDS model. SHEDS estimates hourly personal exposures by combining microenvironmental concentrations of pollutants with activity pattern data, to provide a distribution of exposures for a population of interest. 8, 13 For the SHEDS-predicted exposures, hourly ozone and PM 2.5 concentration data were kriged to 1-km grid center points and used as inputs to the model. As the SHEDS model requires hourly inputs and the hourly observations available for PM 2.5 were not collected using Federal Reference Methods (see Supplementary Data), hourly PM 2.5 concentrations were estimated by applying the diurnal distribution from available continuous tapered element oscillating microbalance PM monitors to the AQS 24-h average PM 2.5 measurement data. To derive census tract estimates, the nearest interpolated concentration estimate to the tract centroid was assigned to produce daily and hourly census tract-specific concentrations for each day of the study period.
In contrast to the ambient concentration data, which is applied to the entire population within a geographic area, exposures modeled by SHEDS are structured to predict distributions of total (indoor and outdoor) exposures to ambient pollutants for individuals that demographically represent a population of interest, based on available census data. 8 For this study, several exposure metrics from predicted SHEDS distributions were used: the mean, 50th percentile (median) and 95th percentile of the simulated population's exposure to daily maximum 8-h average ozone and 24-h average PM 2.5 exposure from ambient pollution sources only (i.e., indoorgenerated sources were not considered in this application) at the census tract level. Unique exposures were also estimated separately for several populations of interest, including for all NYC residents, and for subgroups of the population by age group (0-4, 5-14, 15-24, 25-64 and X65 years) and gender. The study area has census tracts with varying populations. SHEDS simulates individuals by proportionally sampling from time activity diaries 14 that are representative of the demographic composition and population size of each census tract and not for each of the subjects included in the epidemiological analysis. Although the underlying modeling was designed at the census tract level, in some cases less populated tracts were aggregated into larger contiguous groups so that about 100 or more individual exposures were simulated by SHEDS, in order to decrease random variance in the exposure estimates. This resulted in 468 aggregated groups with a mean simulated population of 213 individuals; after linkage to hospital admissions data there were 2007 census tracts included, aggregated into 462 groups for analysis.
The SHEDS model used for ozone and PM 2.5 simulations was configured similarly to the recent applications described in Dionisio et al. 15 and Baxter et al. 16 However, the air exchange rates (AERs) used as inputs to the model were based on analysis of available AER measurements from NYC, collected during the 1999 TEACH study. 17 Specifically, the AER distributions were derived from the Columbia/Harvard University field measurements for NYC for three temperature/air conditioning (AC) status categories. Maximum likelihood estimation was used to estimate the best-fit analytical distributions for each category. Both lognormal and normal distributions were tested; the lognormal shape gave the most reasonable fits in all three cases. The maximum truncation values of AER were selected as the 99th percentile of the estimated distributions, based on published measurement data for typical high-end AER values. 18 AC probabilities specific to house age and type, calculated from American Housing Survey data, 19, 20 are used to assign each individual to either the AC or no AC group. The AER distributions for the census tracts are then predicted by randomly matching to the AER values by presence or absence of AC, obtained from the TEACH study. 17 Another but minor difference in the specification of PM 2.5 residential deposition rates (k) was to reduce the degree of within-day variability of the decay rate in the calculation of home-specific temporal infiltration rates, given that the model simulations were conducted within a narrow time period in the summer with similar meteorological and occupant behaviors. Deposition rates for different homes were sampled using a normal distribution; N(0.39, 0.09) as in previous model applications. However, day-to-day variability in the chosen k value for a given house was limited to vary within a narrow range (with a coefficient of variation ¼ 0.05), sampled from a normal distribution. All of the other microenvironmental relationships (e.g., inside office, store, school, restaurant, parking garage, other, and so on) were set at their defaults as in other SHEDS applications for both PM 2.5 and ozone simulations. 15 Gas station/refueling exposures were assigned to ambient concentrations in this NYC model application.
Potential confounders/effect modifiers
The case-crossover study design automatically addresses confounding by individual-level, stationary factors such as age, race/ethnicity and gender. Since this study only analyzed the association during the summer months, the influence of seasonal trends was not of particular concern. Short-term, sub-seasonal trends in health and exposure data by day of the week were also addressed by design, since control dates were chosen from within the same month and on the same day of the week as cases. Potential confounding from the 4th of July holiday was also evaluated, as it had potential to influence both exposure and hospitalization patterns. Effect modification by sociodemographic characteristics and diagnostic subgroups was examined via stratified analysis. Race and ethnicity were examined as separate categories including white, black and other races (Native American, Asian, Native Hawaiians or other Pacific Islanders, or other unspecified race) and Hispanic or non-Hispanic ethnicity.
Daily meteorological data including ambient average temperature, relative humidity and wind speed were obtained from the National Center for Atmospheric Research and were restricted geographically to include five NYC weather regions (including JFK and LaGuardia airports, Staten Island, Long Island, and White Plains). 21 From this data, daily universal apparent temperature (UAT) was calculated, reflecting average temperature adjusted for relative humidity and wind speed. 22 Daily UAT estimates (1F) were then linked to admissions data based on date and region, for adjustment as daily region-specific temperatures in regression models.
Statistical analysis
Descriptive statistics for admissions and pollutant data were generated from univariate and bivariate analyses. The relationship between respiratory hospitalizations and ambient concentrations and SHEDSpredicted exposures was analyzed using conditional logistic regression. Models estimated admissions risk in relation to ambient concentrations (e.g., daily 8-h max ozone) and population exposures (e.g., mean of daily 8-h max ozone) in single pollutant models adjusted for temperature as a categorical variable, with the base form:
where j reflects the date and i reflects whether a subject is a case or a control.
To normalize all metrics for appropriate comparison of modeling results between ambient concentrations and predicted exposures, analysis was performed using the concentration-or exposure-specific interquartile range (IQR) as the unit change. Applying the IQR value was also desirable as it is possible that SHEDS-predicted exposures may have greater uncertainty at the upper end of their distribution. 9 Final models adjusted for UAT as a categorical variable (because of its non-linear relationship with admissions), and estimated hazard ratios (HRs) as a measure of relative risk along with their 95% confidence intervals (95% CI). Associations between respiratory hospitalizations and both pollutant concentrations and exposures as main effects were estimated for the day of admission (lag 0) and for up to 4 days before admission (lags 1-4) in separate models (i.e., not jointly estimated), as per model (2) . Epidemiological analyses were also conducted after stratification by gender, age group, race, ethnicity and principal diagnosis. To explore variation in health response by exposure metric, we repeated the primary analyses while applying the 50th and 95th percentiles of the SHEDS-predicted exposures as the independent variable.
As case-crossover analysis typically exploits temporal rather than spatial variability in an individual's exposure, we also examined potential interactive effects of infiltration and time spent outdoors using the exposure-to-concentration ratio (E/C) variable as an effect modifier in a sensitivity analysis. This ratio of daily average exposure (E) to daily average ambient concentration (C) mainly reflects the extent to which the ambient pollutant infiltrates indoors, driven by factors such as AER and building characteristics, and time spent indoors versus outdoors. A higher E/C may represent greater residential infiltration of ambient air to the indoors and therefore greater exposure to ambient pollution. It may also reflect the impact of greater amounts of time spent outdoors, depending on behavioral or commuting habits of the subjects. To explore this, we examined potential interactive effects between E/C and exposure-or concentration-related health responses by creating tertiles of E/C and stratifying the base model (2) based on this categorized E/C variable. All statistical analyses were conducted using SAS (version 9.2), and Pr0.05 served as the criterion for significance tests.
RESULTS
There were 34 760 summertime respiratory hospitalizations in NYC during the 15 summer-month study period. The majority of admissions (40.4%) occurred among adults 25-64 years, followed by those 65 years and older (33.4%) and children r4 years (15.9%). The population of admissions was racially/ethnically diverse; 39% of the population was black, 31.8% white and 26.8% Hispanic. More than half of admitted individuals (57.3%) were female, and about two-thirds were admitted with a principal diagnosis of asthma (66.3%; data not shown).
Concentration and exposure distributions
The distribution of summertime ambient concentrations and SHEDS-predicted exposure concentrations for ozone and PM 2.5 reflects their different ranges (Table 1) . Exposures for both pollutants had narrower distributions than ambient concentrations; this difference was more marked for ozone (exposures reflecting 40-68% of concentration values) than for PM 2.5 (exposures 72-89% of concentrations) because of much higher reactivity and thus removal rate of ozone indoors than for PM 2.5 . Maps of the NYC study area show that ozone and PM pollutant concentrations, exposures and E/C ratios have unique spatial distributions, with ozone levels greater in the southern areas of NYC in lower Manhattan, Brooklyn and Queens, and PM levels greater in the west side of Manhattan, nearest to New Jersey (Figure 1 ). Compared with ambient ozone concentrations, SHEDS ozone exposures had greater variability across census tracts, but PM exposures appear distributed similarly to concentrations across NYC. Although not directly comparable to either concentration or exposure maps, those of E/C ratios exhibit more variation, albeit with a somewhat smaller range, across the entire study domain.
Correlation analysis (Table 2) showed the strong relationship between ozone concentrations and exposures, and similarly for PM 2.5 . For both pollutants, this positive correlation was shared at all points of the distributional exposures (mean, median 95th percentile), with R 2 40.90, and with PM 2.5 exposures and concentrations nearly perfectly correlated. Ozone and PM 2.5 metrics were only modestly correlated with each other (R 2 all 40.5). For ozone, mean exposures were weakly correlated with E/C but declined as the percentile value for the E/C distribution changed from the mean to the 50th percentile and then to the 95th percentile. This pattern was not consistent for median or 95th percentile exposures. For PM 2.5 , weak, negative correlations were similarly present between E/C and exposures, but no notable patterns were observed.
Estimated respiratory hospitalization risks Positive associations were observed between respiratory hospitalizations and the IQR of ambient 8-h maximum ozone concentration and exposures (Figure 2 ). The pattern of admissions risk was similar for both ozone concentrations (HR ¼ 1.013; 95% CI: 0.999-1.028) and exposures (HR ¼ 1.013; 95% CI: 0.998-1.029), with the greatest and nearly significant risk on the same day as admission (none of the lagged effect estimates achieved statistical significance). Marginal differences were observed for HRs between concentrations and exposures, and CIs overlapped. Associations between hospitalizations and ambient PM 2.5 concentrations and exposures were essentially identical ( Figure 3 ). The pattern of PMrelated admissions differed from ozone, with the greatest and statistically significant risks relating both to concentrations and exposures detected 2 days before admission (HR ¼ 1.018, 95% CI: 1.002, 1.034).
Stratified results show that concentration-related respiratory hospitalization risk varied by age, race, ethnicity and diagnosis. Results are presented in Table 3 for lags for which the most robust associations were observed in analyses of main effects (i.e., lag 0 for ozone and lag 2 for PM 2.5 ). For ozone concentrations on the day of admission (lag 0), age-specific, race, ethnicity and diagnosis differences (in particular for the 'other' race category) in associations were present. Compared with other respiratory diagnoses, asthma hospitalizations associated with ozone were more strongly and significantly associated with IQR increases in both ambient concentration (HR ¼ 1.029, 95% CI: 1.010-1.047) and exposures (HR ¼ 1.029, 95% CI: 1.009-1.049). Ozone exposures also yielded similar effect sizes and patterns as concentrations for diagnosis and race and ethnicity categories but not by age groups, where there were no inter-strata differences in association. In contrast to the ambient concentration metric, a nearly significant and small risk (HR ¼ 1.015, 95% CI: 0.999-1.031) for admissions in relation to ozone exposure was found among the 65 years and older age group. There were variations in 2-day-lagged PM 2.5 concentration-related hospitalization risks across age strata, but none met the criterion for statistical significance. Similar to ozone, there were essentially no differences across age strata when PM 2.5 exposures were modeled. Small differences in risk by ethnicity and Figure 1 . (Continued) diagnosis were observed for PM 2.5 , consistent between concentrations and exposures, but most did not achieve statistical significance. Finally, in contrast to ozone, the PM pattern in relation to ethnicity was reversed, in which Hispanic ethnicity indicated a positive and nearly significant association (HRs ¼ 1.015-1.016).
Factors affecting or modifying estimated risks Respiratory admissions in relation to exposures were compared by exposure metric, including the mean, median and 95th percentile of an 8-h maximum exposure (Figures 4a and b) . Although the mean and median of an 8-h max ozone exposures yielded similar magnitudes and patterns of association, HRs for the 95th percentile associations were slightly higher for lag days 0, 3 and 4. This result reflects the broader distribution and consequently larger IQR value for 95th percentile ozone exposure (9.42), which was 38% greater than the mean (5.80) and 40% greater than the median (5.61) value (Table 1) . On the other hand, no differences in associations were observed between the three metrics of PM 2.5 exposures (Figure 4b) , consistent with the narrower distribution and similar magnitudes of all three metrics.
Positive associations between SHEDS mean exposures and respiratory hospitalization occurred in the highest E/C tertile for both ozone (HRs ¼ 1.012-1.032) and PM 2.5 (1.011-1.032; Table 4 ). Similar significant results were also found for the ozone and PM 2.5 concentration relationships in the highest E/C tertile, indicating greater health risks from air pollution for subjects living in homes with a higher infiltration rate or those experiencing greater exposures to ambient air. These effects were statistically significant or approached significance for most lags. For both pollutants, only marginal or non-significant effects of SHEDS exposures were observed at the low and medium E/C tertiles.
DISCUSSION
This study found small, positive and lagged associations between both ambient concentrations and predicted exposures of ozone and fine PM and respiratory hospitalizations in NYC during the summer months over [2001] [2002] [2003] [2004] [2005] . IQR changes in short-term ambient ozone concentrations and exposures were associated with up to a 2% increased risk of respiratory hospitalizations. The strongest effects relating to ozone concentration/exposures were observed on the day of admission; for PM 2.5 they were in response to PM 2.5 levels occurring 2 days prior. Some sociodemographic variation in health response was observed in association with ambient concentrations, though not as much with SHEDSestimated exposures, with the exception of the greater and nearly significant HR for the 'other' race category.
There are numerous epidemiological studies linking short-term ambient ozone concentrations to respiratory-related ED visits 5, 23, 24 and hospitalizations. [25] [26] [27] Directly comparing our findings from concentration analyses to those of others is somewhat limited by the small number of studies which have similarly examined season-specific effects, and a lack of comparable unit changes used to estimate risk across studies. Villeneuve et al. 3 conducted a study of similar design (time-stratified case-crossover) in a yearround analysis and found a 2% to 4% increased risk of asthmarelated ED visits per 18 p.p.b. increase in ozone concentration for same-day and 1-day exposure lags. In their multi-city time-series study, Stieb et al. 5 found positive but non-significant associations between similar changes in ozone concentrations (18.4 p.p.b.) and respiratory-related ED visits, strongest during the summer months and lagged 2 days. Our analyses per 12.9 p.p.b. change in ozone also suggest small, generally non-significant associations, which are most robust for same day exposure. Short-term outdoor PM 2.5 concentrations have also been linked to acute respiratory morbidities among both adults and children, [23] [24] [25] [26] [27] [28] [29] although associations are generally not as consistent as for ozone. A yearround analysis in Hong Kong found a 1% to 3% increased risk of asthma hospitalization per 10 mg/m 3 PM 2.5 , with lagged exposures from 0 to 4 days. 27 A case-crossover analysis in Austrailia 29 found non-significant increases in respiratory admissions of 1.85% per 10 mg/m 3 PM 2.5 during the summer months. Our IQR concentration value for PM 2.5 (12.22 mg/m 3 ) was slightly higher than in these studies, but the observed health response was similar.
The results of stratified analyses using ambient concentration data are also consistent with subgroup vulnerabilities identified from the existing literature. Compared with other age groups, greater ozone-related risk has been observed among school-aged children. 27, [30] [31] [32] Similarly, differential risk for ambient pollutantassociated respiratory morbidity among racial/ethnic minorities in the United States has been noted previously. [33] [34] [35] For instance, a daily time-series analysis also conducted in NYC found greater ozone-related respiratory hospitalization risks for non-whites, 35 as we did. In supplemental analyses, when race/ethnicity was further separated into mutually exclusive categories, the relative hazard of respiratory hospitalization was greater for both non-white races with Hispanic ethnicity (i.e., Hispanic black and Hispanic other), but was not statistically significant (data not shown). Similarly, our finding that effects were strongest for asthma diagnoses is consistent with studies suggesting an etiologic role for these pollutants, particularly ozone, in asthma exacerbations and severity. 36 When comparing analyses of main effects between models of concentrations and those using SHEDS exposures, we observed general consistency; both yielded estimates ranging from no effect up to HR ¼ 1.018 per IQR increase, and lag patterns were similar between concentrations and exposures for each pollutant independently. The classical and Berkson errors that could both be operative in analyses of ambient concentration data would be expected to bias effect estimates either toward the null or not at all, respectively.
7 Depending on how model inputs are provided (e.g., when spatial or temporal variation in the infiltration-related factors are specified independent of ambient concentrations, housing factors or daily meteorological inputs), the SHEDSestimated exposures would be subject primarily to Berkson error, thus not resulting in biased regression estimates. That observed health responses were robust for both types of exposure metrics suggest that, at least when considering the population as a whole, ambient concentrations of both ozone and PM 2.5 may be adequate surrogates for human exposure in epidemiological analysis. We recognize that the value added by SHEDS may have been reduced as a consequence of potential errors or uncertainties introduced by the various model inputs. Nevertheless, this consistency is supported by PM exposure studies that have identified correspondence between personal exposures and ambient concentrations. 8, [37] [38] [39] Some studies have further suggested this correspondence applies primarily to spatially homogeneous or regional pollutants, such as PM 2.5 and possibly ozone. 40, 41 Despite the support for our concentration-based associations from the existing literature, and the correspondence between primary analyses of exposures and concentrations, we note a lack of differential effects in our age-stratified analysis of SHEDS exposures. One potential explanation for this result is that the SHEDS-estimated exposures have already accounted for the primary sources of exposure variation reflected by the stratifying variables, particularly age and mobility patterns. SHEDS outputs are greatly influenced by indoor residential exposures, which are in part determined by infiltration factors influenced by AERs that vary mostly between (rather than within) homes in a given season. Notably, in the case-crossover design, where each household is used as its own control and within-season AERs are less variable, effect modification because of AER differences is not likely to be detected. Thus, our finding is plausible because stratum-specific SHEDS exposures, coupled with stratified analysis and a casecrossover design, may reduce most of the variation that would be identified in regression analysis. In other words, the lack of associations could reflect 'overadjustment' for factors contributing to variation rather than a true absence of biological effect. Analyses examining health response by E/C allowed us to overcome this limitation of the study design and explore spatial variation in factors contributing to exposure heterogeneity. This confirmed that the most robust pollutant-hospitalization associations occurred in the highest E/C tertile, where the largest differences between exposures and concentrations are observed. This finding is reinforced in part by findings from Hodas et al., 42 which identified effect modification of a PM 2.5 -myocardial infarction relationship by AERs. We acknowledge that the results could also be influenced by the uncertainties in SHEDS model inputs, or by the various levels of averaging of ambient and exposure data that were required for this particular analysis.
There are artifacts from SHEDS to further caveat our findings. The SHEDS model predicts exposures as a function of typical time spent outdoors and indoors, along with information on corresponding ambient air concentration and the amount of ambient air that infiltrates indoors, using an assumed AER profile. Consequently, predicted exposures at the population level were highly correlated with ambient concentrations in our analysis. This is in contrast to field studies where individual-level exposures are less correlated with outdoor air concentrations, since personal exposures are influenced by daily varying house-specific AERs, and include contributions from both outdoor-and indoor-generated pollutants (e.g., PM 2.5 from cooking, vacuuming, hobbies, resuspended dust, and so on). In addition, when comparing ozoneand PM-health associations between the three SHEDS-predicted exposures (e.g., mean, median and 95th percentile), there were no differences between these metrics for PM 2.5 and only slight differences between them for ozone, which corresponded to their respective exposure distributions. These results reflect the known greater spatio-temporal variability in summertime ambient ozone concentrations compared with PM 2.5 in New York, which may be more reliably captured by the SHEDS model exposure estimates.
This study has a number of strengths. It is among one of the few studies to compare epidemiological associations for SHEDSpredicted exposures and fine-scale health data. NYC comprises approximately 40% of the 19 million NYS population, and is sociodemographically diverse. Our analysis was strengthened by a large number of hospitalizations, an all-ages population and sufficient pollutant heterogeneity. The spatial resolution of the exposure and concentration data was advantageous, as many studies of ambient pollutants are at the county level or a larger geo-spatial unit than our census tracts/groups. The case-crossover design controlled for important time-invariant confounders at the individual level, and we were able to evaluate these factors as effect modifiers in stratified analysis. Applying this approach also avoided the complexity of a time-series analysis, which can be sensitive to model specification. 43 Few studies have conducted similar comparisons between estimated exposures and ambient concentrations, so we are limited in our ability to fully contrast our results to others. Owing to small sample sizes in some census tracts, grouping was necessary to attain adequate statistical power for daily-level analysis. In particular, the case-crossover design is not ideally suited for capturing the differential health impacts of spatially varying exposure factors, and may mask the influence of routine activities that could modify personal exposures to ambient concentrations obtained from fixed-site monitors (e.g., typical commuting activities or near-roadway exposures to PM 2.5 and ozone that differ from monitored concentrations). 10 We note above our attempts to incorporate spatial comparisons.
There are several circumstances that would be expected to impact associations with both SHEDS exposures and concentrations similarly. Weak and positive but non-significant associations for PM 2.5 could be due to the fact that the composition of PM 2.5 varies substantially in NYS by season. 44 Selecting only the peak summer months likely suppressed the influence of the longer-term gradient of air pollution on hospitalizations, a gradient that is reflective of variation in the composition of both aerosols and the air-mix in general. Moreover, respiratory hospitalizations are more common in the winter: monthly admissions counts in NYC during our study period averaged over 50% higher from November to January than June through August.
Like many studies of ambient air quality, the effect sizes we observed were small. As hospitalizations likely capture the most severe effects on respiratory health conferred by ambient pollutants, identifying any differences in health response between concentrations and exposures could theoretically be achieved with a more sensitive respiratory health indicator. Other health end points associated with ambient exposure to both ozone and PM 2.5 , including cardiovascular disease, 45 were not examined in this study. Further, the mean and IQR ambient concentrations modeled in our analyses were well below ambient standards for 24-h PM 2.5 and 8-h maximum ozone. 46 This may have affected the magnitude and range of short-term variations in pollution, which in turn may have influenced the results. However, few studies have been able to examine individual-level health data across such a diverse, all-ages population, and, our positive associations for concentration effects are sufficiently supported by the epidemiological literature.
This study aimed to examine the impacts of potential exposure error on epidemiological associations, by way of assuming predicted exposures provide a more accurate estimate of ambient exposure than ambient concentrations. We found only slight differences in predicted exposures versus concentrations and with overlapping confidence intervals, but demonstrated the importance of examining potential effect modification by spatially varying factors such as filtration. Analyses suggested that SHEDSpredicted exposures may adequately address sociodemographic factors and related surrogates that impact exposure to ambient pollutants, resulting in attenuated exposure-disease associations upon further stratification. Overall, the findings contribute to knowledge of potential epidemiological bias resulting from use of exposure surrogates in health analyses of ambient pollution. Future studies should compare predicted exposures to concentrations of PM 2.5 during its relevant peak exposure period, and over a consecutive 12 months. We also suggest examining more sensitive health indicators using alternatives to the case-crossover method, which posed some subtle methodological limitations in this acute effects analysis.
